Abstract: Dimensional distortion occurs due to the thermal and transformation stresses formed during the heat treatment processes. Taguchi and Factorial design of experiment concepts were applied to optimize the operating variables involved in the gas carburising and induction hardening processes so as to minimize the geometrical distortions. Experimental data obtained for the materials EN353, EN351, AISI 4140, and AISI 9255 were analyzed by Response graph method and Signal to Noise method. Even though, EN 351 and EN 353 are having the same carbon percentage, EN 353 gives minimal dimensional and volume changes because of the presence of three alloying elements namely cobalt, molybdenum and nickel. Analysis by variance (ANOVA) results indicated that the furnace temperature and quenching time in the gas carburising process were the variables which had more influence on distortion. The percentage deviations between the experimental and predicted results for the runout and helix variations were in the range of 7 to 10%.
INTRODUCTION
The major problem faced by heat treatment industries is the dimensional and geometrical changes that occur in the heat treated component. One of the main causes for dimensional changes is the stresses, which occur as a consequence of the contraction of the material during cooling, i.e. formation of thermal stresses (thermal effect). The other main cause is the transformation stresses which occur as a result of the marteniste formation (metallurgical effect).
When a body cools, the outer layer cools quicker and contracts first. The inner, softer parts try, during this process, to assume a spherical shape, this being the shape to which they offer the least resistance during deformation. Hence, the main rule is that all bodies with shape deviating from the spherical one attempt to assume this shape during cooling. Bullenes, D.K., (1949) illustrated that more the severity of the quench process greater will be the changes. Greater the rate of temperature drop during cooling greater will be the deformation [1] .
On rapid heating and cooling of steel in any heat treatment process, it passes through a series of structural transformations. During heating of steels, a continuous increase in length occurs upto Ac1, where the steel starts shrinking as it transforms into austenite. After the austenite formation is completed, the length increases again. However, the coefficient of longitudinal expansion is not the same for austenite as that for ferrite.
On cooling, thermal contraction takes place and during martensite formation the length of the steel increases. After cooling to room temperature, most martensitic steels contain some retained austenite, the amount increasing with the amount of alloying elements dissolved during austenitization. The larger the quantity of retained austenite contained in the steel after hardening the smaller is the increase in length or increase in volume. If the retained austenite content is sufficiently high, we generally obtain a reduction in volume [2] .
Past experiences show that in surface hardening parts undergo volume and dimensional changes due to thermal fluctuations and phase transformations [3] . Dimensional changes can lead to excessive distortion in the components and results in excessive scrapage. Further, quench cracking can occur and the excessive grain growth in the region just below the hardened surface in the Gas carburizing and Induction hardening processes produces transformation stresses and thermal stresses (Thelning, 1984) . These stresses cause shape and size distortion in the components. If the distortion is controlled within the tolerance limit, the post hardening processes can be eliminated by which cost and time can be saved. With this aim, experimental investigations have been carried out to study the thermal and metallurgical effects associated with Gas Carburizing and Induction hardening processes and the results are reported in this paper.
SHAPE AND SIZE DISTORTION IN GAS CARBURIZING
In case hardening process coping with deformation of materials is an important aspect. For long, considerable interest has been shown by researchers and practicing professionals to control if not totally overcome this problem. Normally, this problem of deformation is addressed by subjecting case hardened material to post-rectifying operations like straightening, machining, etc. [4] .
The dimensional changes, which occur during case hardening, are governed by a wide variety of factors, as given below: Material dimensions: A clear tendency towards shrinkage in the diameter of gears has been observed in connexion with small or moderate dimensional or material thicknesses. As the dimensions of gears and rings increase, the shrinkage decreases, and at a certain dimension there is an increase in the diameter.
The main problem in the Gas carburized components is shape and size distortion. Shape distortion can be reduced by proper stress relieving between machining as they are mostly due to residual stresses. Whereas, size distortion is due to structural transformations in steel. When austenite transforms into martensite there is an expansion in volume. While tempering there is a contraction due to the formation of carbides. The presence of retained austenite and its change during tempering introduces complex overall changes in size. Many literatures indicate that the following are some of the reasons for distortion.
Due to rapid heating
Methods of stacking or fixturing of parts Increase in grain growth with increase in case depth
Severity of quenching
One of the objectives of the present work is to minimizing the distortion level (in the present case, run-out and helix-variations) in pinion made of EN 353 and EN 351 material (used in power steering assembly) with optimum case depth and surface hardness value. Taguchi's mixed level series [5] . Design of Experiment is adopted to arrive at the level of process parameters, which will minimize the distortion in heat treated material [6] . The significance in this study is the three stages of carburizing (Pre carburizing, Carburizing and Post carburizing) are considered for optimization [7] . An orthogonal array and ANOVA are employed to investigate the influence of major process variables on Distortion level, Surface hardness and Case depth. Optimum conditions have been arrived at by applying high penetration depth, high hardness and low distortions are better as the strategies. Response graph and Signal to Noise ratio methods are followed to predict the optimum results and the results are compared.
The conditions underwhich the gas carburizing experiments have been carried out are given in Table 1 . The run-out of the pinion after quenching (AQ) and after tempering (AT) of the pinion materials are measured using mechanical dial gauge. The left and right helix variations before heat treatment (BHT) and after heat treatment (AHT) of the pinion materials are measured using a gear tester. 
Influence of Main Variables on Run-Out
ANOVA analysis is carried out to determine the influence of main variables on run-out and also to determine the percentage contributions of each factor. Average value of Run-out in microns (Fig. 1) contd…. . Optimum set of variables for run-out is found by adopting the Lower is better strategy. The results are given in Table 9 .
Prediction of Mean Response (Run-Out)
From Taguchis' methodology, equation (1) can be used to predict the run-out obtainable.
where,
-predicted mean response. Optimum set of variables for helix-variations (left) are found by adopting the Lower is better strategy. The results are given in Table 9 .
Prediction of Mean Response (Helix Variations-Left)
From Taguchis' methodology, equation (2) 
-predicted mean response (Fig. 2) contd….. (Fig. 2) contd….. Similarly, the percentage contributions of each variable on the helix variation-(Right) is calculated and given in the Table 11 . Optimum set of variables for helix variations (Right) are found by adopting the Lower is better strategy [8] . The results are given in Table 9 . Predicted mean difference for helix variation (right) is calculated and given below. 
Signal to Noise Ratio
Formula to determine S/N ratio for minimizing the response factor as the objective (Minimizing the run-out and helix variations) is, [9] [10] . S/N = -10 Log 10 [ yi 2 / n]
where, yi -is the experimental response values for the trials, n -number of trials S/N ratio for run-out and helix variations (Left and Right) are calucated using the equation 3. The model calculation is given below and the S/N ratios for run-out, Helix variation (Left) and Helix variation (right) are listed in the Tables 2-4 respectively. Optimum conditions for run-out and helix variations are found by adopting the higher the S/N ratio is better as the strategy and results are given in the Table 9 for the materials EN 353 and EN 351. The optimum conditions result obtained in S/N method matches with the optimum result obtained from the response graph analysis. It is significant to note that the optimum conditions for hardness, case depth, run out and helix variations are the same (Tables 7 and 9 in Paper 1).
Model Calculation for the

VOLUME AND DIMENSIONAL CHANGES IN INDUCTION HARDENING
Induction hardening processes have been well developed and widely used in the various industrial applications especially in treating automobile transmission gears for several decades. However, due to the complex geometry of gears and the volume changes involved in the hardening process, it is very difficult to surface harden the gears with the required degree of consistency and quality. Minimization of changes in volume and accompanying dimensional changes arising from the high temperature heat treatment processes have been the critical issues.
The demerits involved in induction hardening are, Volume changes and dimensional changes which may require reworking
Quench cracking
Excessive grain growth in the region just below the hardened surface in the Induction hardening process produces transformation stresses and thermal stresses. These stresses cause shape and size distortion in the components. The term 'distortion' usually describes the dimensional changes brought about by the relief of internal stresses, which occur in a component after heat treatment.
Several investigations have found it convenient to divide the total distortion into two classes of dimensional change. The first of these is usually called 'volume change' or 'inherent distortion' and is said to be the result of the dilations due to transformations. The second type of dimensional change is usually 'warpage' or 'change in shape' and is said to be associated with the thermal stresses produced by non-uniformity of heating or cooling. In this investigation, the term 'distortion' refers to the total dimensional change that has resulted from a particular heattreatment operation, namely Induction hardening [11] .
The distortion has always presented difficulties to users of the many varieties of steels, which can be hardened by Induction hardening [12] . The dimensional change in Induction hardened components is troublesome to manufacturers. If the distortion is controlled within the tolerance limit, the post hardening processes can be eliminated by which cost and time can be saved [13] . With this aim, a study has been conducted in this present work to minimize the distortion level in the sample material (i.e. Rack made of AISI 4140 and AISI 9255).
The details of materials and operating conditions used in the experiments are shown in Table 12 . 
Influence of Main Variables on Distortion of Rack Material
Model Calculation
Total sum of the run = (2.4+2.3+2.5+……….0.9+1.0+0.8) = 128.4 
Sum of Squares of Main Effect (P, S and Q)
Sum 2 )]-C = 0. 
RESULTS AND DISCUSSION
Surface Hardening-Gas Carburizing
The pinion material surface is case hardened by Gas carburizing heat treatment process. For the desired application, the case depth required is between 0.8 -1.00mm and the hardness between 79-82 HRA.
Distortion, is the major defect faced in gas carburizing process. Distortion here refers to Run-out and unwinding of helix angle in pinion [14] Under optimum conditions, the distortions for the above said materials are given in the Table 16 below (taken from Tables  2-4 ) and it validates the above said statement. (a) (b) (Fig. 3) contd….. Tables 8, 10 and 12) and optimum conditions (Tables 9, 11 and 13) indicate that the interaction between Furnace temperature and quenching time is having more influence on the distortion. Confirmation trail for optimum condition is carried out and results are tabulated in Table 17 and it shows that a good agreement between the experimental results and predicted optimum results. The percentage deviation between the experimental and predicted results for the runout and helix variations is in the range of 7 to 10%.
Similarly, Signal to noise ratio method has also given the same optimal variable levels/best treatment combination levels for the materials EN353 and EN 351 ( Table 4) .
At present, straightening operation is required to remove the bend in a 5 tons Hydraulic press as it occurs during the heat treatment process. Straightening operation incurs additional manpower and cost of manufacturing. This may be clear from the following cost analysis. Average percentage of rejection of pinion : 10% (7,500 nos.) Hence, introduction of optimum conditions gives great economical benefits and increases the rate of production [15] .
In Gas carburization, by eliminating the final straightening operation cost saved per year is Rs.7.0 Lacs. (US$ 15,000) and the time saved per loading is 6 hours.
The present study shows that under optimum conditions the pinion product obtained do not require any re-working process. This is due to the fact that under optimum treatment combination, the Run-out in pinion is within 30 microns and unwind of helix angle is within 40 microns, which are well within the maximum permissible limits [16] .
To study the metallurgy of Gas carburized components microstructures (Case-core portion) are taken and given in Figs. (4) (5) (6) .
A carburized case is usually a mixture of tempered marteniste and retained austenite (Fig. 4) . Other micro Fig. (4) . Mixture of tempered martensite and retained austenite of the Case (EN 36). 
CASE CORE
Case to Core Transition zone
Mixture of tempered martensite
Retained austenite constituents, such as primary carbides, bainite, and pearlite are generally avoided [17] . For a particular alloy, the amount of retained austenite in the case increases as the case carbon content increases [18] . An appreciable decrease in case hardness is usually found when the amount of retained austenite exceeds about 15%, but for applications involving contact loading, such as rolling element bearings, best service life is found when the retained austenite content is quite high, for example, 30 to 40% [19] [20] In other applications, especially when dimensional stability is critical, the retained austenite content should be low.
The microstructures (Figs. 5, 6 ) reveal that there is a martensitic formation in the case hardened portion and there is no abnormal microstructural change in the core portion.
Surface Hardening -Induction Hardening
The rack material surface is hardened by Induction hardening process. The case depth below the teeth is 1.5 -2 mm and back of the bar is 3.5 -4mm. The hardness between 79-82HRA.
Transformation and Thermal stresses cause shape and size distortion in the induction hardened components [21] 15) show that Power potential has more influence on case hardness and case depth of the Induction hardened components. In order to obtain the significance and effect of each factor and their interaction, the sum of the squares, Degrees of freedom, Mean square and F are calculated first. Based on these calculations the Ranking and significance of each variable have been found out. It is observed that Power potential, and Scan speed occupies the number one and number two ranking.
Influence of Scan speed (heating time) -Only the outer region of samples are affected by the Induction hardening process. Consequently, the temperatures decrease with increase in distance from the surface. The core of the Rack remains completely cold. If the scan speed is too high, say 2.14 m/minutes, the induction heating effect is very less. On the other hand, with less scan speed, say 1.34 m/minutes, heating effect is more and the material becomes too hard (Pantleon, K., et al., 1999) [23] .
The medium scan speed of 1.72m/minutes gives a better result in which the temperature rises uniformly and the temperature distribution becomes uniform over the surface of the material. During the Induction hardening process the surface region of the samples are heated up for several seconds to about 800-850°C [24] . Temperature gradient finally results in microstructure gradients. Fig. (7) . Case -core interface showing martensite in the case and ferrite/pearlite in the core region.
Near the interface (Fig. 7) , the microstructure consists of martensite. But the core of the component still shows a ferritic pearlitic microstructure with no differences to the samples as deposited [25] [26] . From the, etching of cut section as shown in Fig. (8) it can be concluded that the depth of the hardened zone is uniform over most of the samples. In the investigations, it has been found that the maximum of hardness 83HRA with low distortion of 1.5 mm (Under non-optimal condition the distortion was 3.5 mm) for the distortion Induction hardened specimen at the optimal condition. Regression analysis is done, controlling equation to predict the distortion of Induction hardened components at any parametric conditions has been developed, and the same are given below. 
SEM and Crack Detection Analysis
Under abnormal heat treatment conditions thermal damages occur [27] . However, under optimal conditions the surface hardened components (both Gas carburizing and Induction hardening) show that there is a significant improvement in the hardness and case depth [28] [29] Scanning electron microscope analysis is done for few samples and the structures are given in Figs. (9, 10) . It shows that there is a moderate conversion of austenite to martensite in the case hardened region.
The microstructure of soft material (EN 34) before gas carburizing is shown in Fig. (11) . It shows that the presence of Ferrite/pearlite in the complete volume of the material. This ferrite /pearlite transformed into austenite on heating and converted into martensite while cooling [30] .
A liquid solution containing very tiny magnetic particles is sprayed on the surface being checked and the sample is then subjected to a strong magnetic field. Discontinuity at or near the surface of the metal creates free poles. When magnetized, the metal attracts the magnetic particles in the solution used. When the magnetic field is removed, magnetic particles are left behind and get concentrated at those sites, thereby revealing the defects. The magnetic field is set up in the samples by using a power electromagnet. Crack detection analysis shows that, there are no micro and macro cracks in the surface hardened components which are heat treated by Gas carburizing and Induction hardening process.
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CONCLUDING REMARKS •
Under optimum treatment combination, it is observed that the Run-out in pinion is within 30 microns and unwind of helix angle is within 40 microns which are well within the designed values.
• Under optimal conditions, the products obtained do not require any reworking process (Straightening operation).
• Introduction of optimum conditions gives great economical benefits and increases the rate of production.
•
In the investigations, it has been found that the maximum of hardness 83HRA with low distortion of 1.5mm for the distortion Induction hardened specimen at the optimal condition.
• Crack detection test shows that under optimal conditions case hardened components are free from surface/sub-surface discontinuities.
